In vitro assessment of inhibition of neutrophil chemotaxis is a physiologic indicator of anti-inflammatory potential. To identify nontoxic, anti-inflammatory agents, plant-derived compounds (curcumin, resveratrol, rosmarinic acid and piperine) were assessed for effects on in vitro neutrophil movement. Effects were determined on directed migration (chemotaxis) towards the potent chemoattractant of bacterial cell wall origin, f-met-leu-phe (fMLP). Curcumin significantly inhibited neutrophil chemotaxis in a concentration-dependent manner with statistically significant inhibition at 50 and 100 μM. Similarly, resveratrol (25, 50, 100 μM) and rosmarinic acid (100 μM) significantly inhibited fMLP-induced chemotaxis in concentration-dependent manners. Piperine had no effect on neutrophil chemotaxis. These results indicate that curcumin, resveratrol and rosmarinic acid have the potential to elicit anti-inflammatory effects.
INTRODUCTION
An important in vivo biological event is chemotaxis, which is directed cell movement towards a chemical or biological agent. Chemotaxis occurs in many cell types with examples being leukocyte influx into an inflammatory nidus, migration of endothelial cells for blood vessel formation during angiogenesis, development of an embryo and cancer cell metastasis. Chemotaxis is regularly assessed in immune cells where their mobilization and deployment to sites of inflammation are integral parts of the immune response (Kruger et al., 2015) .
One immune cell type, the polymorphonuclear neutrophil (PMN), has been well studied for its chemotactic behavior relevant to its important role in innate immunity and inflammation (Headland and Norling, 2015) . Recruitment of neutrophils to sites of inflammation or injury involves the following commonly recognized steps: tethering, rolling, adhesion, crawling and endothelial transmigration (Kolaczkowska and Kubes, 2013) . Neutrophil chemotaxis is induced by chemoattractants such as chemokines (interleukin-8: IL-8), bacteria-derived agents (f-met-leu-phe: fMLP) and vasculature-derived components (complement proteins such as C5a) (McNeely et al., 1993) . Regardless of the cue, neutrophils in circulation first recognize chemotactic signals in the endothelium close to an inflammatory site, roll along the endothelium and extravasate into the tissue where they fight infections and interact with other cells of the immune system. Neutrophils are the first cells to arrive at an inflammatory site and they do that in massive numbers (Bardoel et al., 2014) .
Therefore, assessment of neutrophil chemotaxis is an important early function in acute inflammation. Noteworthy is the fact that impaired recruitment or inappropriate or excessive activation of neutrophils can lead to disease states such as rheumatoid arthritis, inflammatory bowel disease and chronic obstructive pulmonary disease (den Broeder et al., 2003; Kaur and Singh, 2013; Larmonier et al., 2011) . It is for this reason that neutrophils have become targets for pharmaceutical approaches to functional regulation. Constant concerns about an ever-expanding population of patients with inflammation-mediated diseases coupled with lack of nontoxic yet efficacious anti-inflammatory agents are sufficient reasons to continue the search for other therapeutic options and strategies. One alternative strategy is the use of plant compounds that have antiinflammatory properties.
Reports indicate anti-inflammatory properties of rosmarinic acid (derived from rosemary), resveratrol (from skins of red grapes), curcumin (derived from turmeric) and piperine (derived from black pepper). Rosmarinic acid caused susbstantial reduction in inflammation in three different rat models of inflammation, local (carrageenin-induced paw edema) and systemic (liver ischemia/reperfusion injury, thermal injury) (Rocha et al., 2015) . Additionally, it reduced inflammation (example, neutrophil infiltration) in LPS-challenged horses (Pearson et al., 2012) and reduced number of inflammatory cells in the airways of an experimental model of respiratory allergy (Costa et al., 2012) . Resveratrol inhibited inflammation, with reduced neutrophil infiltration as a marker, in a rat cerebral ischemia/reperfusion model of stroke (Fang et al., 2015) and inhibited airway inflammation and hyperreactivity in mice (Zang et al., 2015) . Curcumin, administered as oral doses, inhibited neutrophil infiltration into lavage fluid in mouse models of extrinsic (Hemophilus influenzainduced) and intrinsic (tumor-induced) airway inflammation (Moghaddam et al., 2009) , and significantly inhibited neutrophil infiltration and inflammatory cytokine production in a murine model of asthma (Narumoto et al., 2012) . Piperine inhibited inflammation in a rat periodontitis model (Dong et al., 2015) and reduced proinflammatory cytokine levels, infarct volume and neuronal loss in a rat model of stroke (Vaibhav et al., 2012) .
Given the cited reports, plant-derived compounds with anti-inflammatory potential, specifically curcumin, resveratrol, rosmarinic acid and piperine, were selected for assessment of effects on chemotaxis of human neutrophil. These compounds were assessed by the leading front method of chemotaxis to determine their effects on fMLP-induced chemotaxis of human neutrophils (Kinane et al., 1989) . Other reports document anti-inflammatory potential of each one of these plant compounds (Budhiraja and Dhingra, 2014; HassanKhabbar et al., 2010; Nonose et al., 2014; Sabina et al., 2011) as well as nontoxic host effects McCrea et al., 2015) .
MATERIALS AND METHODS

Isolation of human neutrophils
Heparinized venous blood was obtained from normal healthy, medication-free human donors after receiving informed consent following a protocol approved by the Saint Louis University Institutional Review Board. Neutrophils were isolated by dextran sedimentation and Ficoll-Hypaque density gradient centrifugation (Boyum, 1968) . Contaminating erythrocytes were removed by hypotonic lysis. Cell purity was determined by differential counts of Wright-Giemsa stain (Sigma-Aldrich, St. Louis, MO) of cytospin preparations (routinely >95%) and neutrophil viability was determined by trypan blue (Sigma-Aldrich) exclusion (routinely >98%).
Phytochemical compounds
The phytochemicals, curcumin, resveratrol, rosmarinic acid and piperine were obtained commercially (Sigma-Aldrich). The compounds were solubilized in dimethylsulfoxide (DMSO: SigmaAldrich) at 100 mM stock concentrations and stored at -80°C. Phytochemicals used for chemotaxis were assessed at several concentrations (0.01, 0.1, 1, 10, 100 µM: concentrations were generated by diluting stock solutions in chemotaxis buffer (formulation described below)). The highest concentration (0.1%) of DMSO used for solubilization of plant-derived compounds was assessed in the assay as the vehicle control.
Leading front method of neutrophil chemotaxis
Appropriate concentrations of the bacteria-derived chemoattractant, f-met-leu-phe (fMLP: Sigma-Aldrich), was determined empirically by ascertaining concentration response curves of fMLP. Chemotaxis was measured using the leading front method of Zigmond and Hirsch (1973) as modified by Heuertz et al. (1999) . Briefly, neutrophils were pretreated (10 min, 37°C) with plant-derived compounds in chemotaxis buffer consisting of Hanks' balanced salt solution (Sigma-Aldrich) containing N-2-hydroxyl-ethyl-piperazine-N'-2-ethanesulfonic acid (Hepes, 10 mM, pH 7.4: Sigma-Aldrich) and bovine serum albumin (1%: Sigma-Aldrich). Chemoattractant (fMLP) or buffer control (random neutrophil movement) was added to wells of the lower chamber in the chemotaxis assembly. A cellulose-nitrate filter (3 µm pore size: Sartorius Filters, Inc., Hayward, CA) was positioned on top of the lower chamber. The 48-well chemotaxis apparatus (Neuroprobe, Cabin John, MD) was assembled and neutrophils (200,000 in 50 µl/well) were added to wells of the upper chamber. After set-up, the chemotaxis apparatus was incubated (35 min, 37°C) to allow time for the neutrophils to detect and react to the fMLP. After incubation, filters were removed from the chemotaxis assembly, fixed in isopropanol and stained with Harris acid hematoxylin (Sigma- Aldrich). Filters were viewed microscopically and neutrophil movement into the filter was quantified by identifying distance traveled by the leading two neutrophils, hence the reason the procedure is called the leading front assay. Net neutrophil migration into the filter was determined using the formula: (distance moved in response to treatment) minus (distance moved in response to buffer) = net migration of neutrophil movement in µm/35 min. A suboptimal concentration of fMLP was used for testing plantderived compounds in order to determine whether inhibition or augmentation of neutrophil movement resulted.
Statistical analysis
All data were reported as the mean ± SEM. Comparisons of sample means were analyzed using repeated measures ANOVA followed by Dunnett multiple comparisons. Differences with p < 0.05 were considered significant.
RESULTS fMLP concentration response curve
Results of the fMLP concentration response curve indicated that peak neutrophil movement was at 5 nM fMLP (Figure 1 ). Suboptimal concentrations were 0.5 and 1 nM fMLP. Declining neutrophil chemotaxis was evident at 50 to 1,000 nM fMLP.
Neutrophil chemotaxis after pretreatment with plantderived compounds
The suboptimal concentration of 0.5 nM fMLP was used for assessment of effects of phytochemical-pretreatment on neutrophils. Several concentrations of phytochemicals (0, 0.01, 0.1, 1, 10, 100 uM) were assessed to determine their effects on neutrophil chemotaxis. Curcumin significantly inhibited fMLP-induced neutrophil chemotaxis in a concentration-dependent manner with statistically significant inhibition at 50 and 100 μM ( Figure  2A ) whereas vehicle (0.1% DMSO) had no effect on the chemotaxis (data not shown). Resveratrol inhibited fMLPinduced chemotaxis in a concentration-dependent manner with statistically significant inhibition at 25, 50 and 100 μM ( Figure 2B ). Rosmarinic acid inhibited fMLPinduced neutrophil chemotaxis in a concentrationdependent manner with statistically significant inhibition evident at 100 μM ( Figure 2C ). Piperine had no effect on fMLP-induced chemotaxis of neutrophils ( Figure 2D ). Trypan blue viability assays were performed in parallel with chemotaxis assays using the highest concentrations of all agents tested. None of the agents tested had any effect on PMN viability.
DISCUSSION
Neutrophils are actively recruited to sites of tissue infection and/or injury by directed movement (chemotaxis). In vitro assessment of inhibition of neutrophil chemotaxis is a physiologic indicator of antiinflammatory potential (Antonicelli et al., 2004) . The concentration response curve of fMLP showed suboptimal (0.5 and 1 nM fMLP), peak (5 nM fMLP) and declining (50 to 1,000 nM fMLP) neutrophil chemotaxis. Use of suboptimal concentrations allowed for interpretation of augmentation as well as inhibition outcomes. Declining chemotaxis at higher fMLP concentrations was not used due to the desensitization of neutrophil surface receptors to fMLP at those concentrations.
Plant-derived compounds (curcumin, resveratrol, rosmarinic acid, piperine) were assessed for effects on in vitro neutrophil movement, that is, on chemotaxis towards the potent chemoattractant of bacterial cell wall origin, fmet-leu-phe (fMLP). Recent studies have shown that curcumin exerts anti-cancer activities on multiple types of cancer (Deguchi, 2015) . For this reason, curcumin is one of the most promising phytochemicals that targets cancers and inflammation-mediated diseases. In the present study, curcumin significantly inhibited neutrophil chemotaxis in a concentration-dependent manner with statistically significant inhibition at 50 and 100 μM ( Figure  2A) . Neutrophil chemotaxis to an IL-8 homologue in mice (MIP-2) proceeds through a signalling pathway that initiates at a G-protein-coupled receptor (CXCR2). Activation of this receptor renders an effect on F-actin polymerization in the lamellar region of the neutrophil through phosphoinositide 3-kinase (PI3K) and phosphatidylinositol(3,4,5)-trisphosphate (PI(3,4,5)P 3 ) pathway which includes protein kinase B (Akt/PKB) and guanosine triphosphatases Cdc42 and Rac 2. Larmonier et al. (2011) , showed that curcumin inhibited actin formation at the leading edge of neutrophils during movement, an event that involved PI3K and PI (3,4,5P 3 ). The finding that ERK phosphorylation was not affected indicated that the curcumin effect was not targeted to initial stages of MIP-2/CXCR2 signal transduction in the neutrophil. The inhibitory effect herein reported may be due to regulation of F-actin polymerization through phosphoinositide 3-kinase (PI3K) and phosphatidylinositol(3,4,5)-trisphosphate (PI(3,4,5)P 3 ) in the lamellar region of a migrating neutrophil, all of which are vital components of leading edge formation (Larmonier et al, 2011) .
Resveratrol, the polyphenol present in skins of red grapes and in red wines, has been linked with antiinflammatory and anti-cancer activities (Inoue and Nakata, 2015; Wang et al., 2015) . It is herein shown that resveratrol inhibited fMLP-induced chemotaxis in a concentration-dependent manner with statistically significant inhibition at 25, 50 and 100 μM ( Figure 2B ). This result confirms prior reports (Inoue and Nakata, 2015; Wang et al., 2015) that resveratrol has antiinflammatory activities. Inoue and Nakata state that resveratrol is a phytoalexin indicating that it is an antimicrobic synthesized by plants in response to assault by pathogenic bacteria or environmental stresses with resultant resistance to infection and stresses. Other antiinflammatory processes ascribed to resveratrol are cyclooxygenase inhibition (Inoue and Nakata, 2015) and prevention of cytokine-induced vascular leakage (Wang, Dabrosin et al. 2015) .
Rosmarinic acid from Rosmarinus officinalis has been shown to be anti-inflammatory in vivo by reducing number of leukocytes that roll, adhere and migrate to an inflamed site after injection of inflammatory agents in a rat model (Nogueira de Melo et al., 2011) . Following up on this report, the question was posed as to whether purified rosmarinic acid rendered a similar effect in vitro as rosemary essential oil did in vivo. As shown herein, rosmarinic aid displayed significant anti-chemotactic effect, albeit at a single concentration (100 uM: Figure  2C ). To our knowledge, this is the first report of inhibition of chemotaxis of human neutrophils by rosmarinic acid.
While piperine from Piper nigrum has been reported to have anti-inflammatory (Mujumdar et al., 1990; Sunila and Kuttan, 2004 ) and pro-inflammatory properties (Mujumdar et al., 1990; Sunila and Kuttan, 2004) , piperine exhibited no effect on fMLP-induced neutrophil chemotaxis at the doses tested ( Figure 2D ). Mujumdar and Dhuley assessed piperine action in in vivo acute and chronic models of inflammation and identified that an anti-inflammatory piperine action was significantly manifested during acute inflammation at early stages. However, Sunila and Kuttan assessed piperine effect on solid tumor development and found that piperine increased total leukocyte number at the tumor site thereby implicating phagocyte recruitment and proinflammatory processes at the site. In another study, chemotaxis of macrophages (cell line Raw 264.7 of murine origin) was inhibited by piperine in a dosedependent manner at concentrations similar to those used in the current study (Woo et al., 2007) . It was therefore of interest to define the effect of piperine on chemotaxis of human neutrophils. The present study identified the use of a well-established and long-used method to assess anti-inflammatory effects of phytochemicals, specifically the antiinflammatory effect of inhibition of neutrophil chemotaxis. Studies suggest that neutrophil and cancer cell movement share common features such as mechanisms of signal transduction, movement as receptor-mediated events and induction by chemokine chemoattractants (Soon, 2007; Wang, 2009) . Therefore, prevention of chemotaxis by phytochemicals has the potential to alleviate disease conditions involving inflammation. As the inflammatory process becomes better elucidated, the list of diseases caused or affected by inflammation grows longer. Interestingly, links between cancer and inflammation have been identified, especially as related to cell movement (Lin and Karin, 2007) . For this reason, effects of phytochemicals on cancer cell movement deserve assessment for antimetastasis potential. Future studies focus on mechanistic actions of these phytochemicals relevant to neutrophil chemotaxis.
CONCLUSION
Plant-derived compounds, such as resveratrol, curcumin and rosmarinic acid, inhibit chemotaxis of human neutrophils. These results indicate that phytochemicals have the ability to inhibit neutrophil recruitment to sites of infection and injury, and therefore have potential as antiinflammatory agents with mechanistic action targeted at initial step of the innate immune response.
